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Abstract In this study, functional proteomics was successfully
applied for the characterization of circadian expressed, basic
proteins. For this purpose, we have chosen the green model
alga Chlamydomonas reinhardtii since its entire nuclear genome
is available and it is ideally suited for biochemical enrichment
procedures. Proteins from cells harvested during subjective day
and night were heparin a⁄nity puri¢ed. They were separated by
two-dimensional gel electrophoresis suited for basic proteins and
analyzed after tryptic digestion by electrospray ionization mass
spectrometry. We can show for the ¢rst time that the expres-
sions of a protein disul¢de isomerase-like protein and a tetra-
tricopeptide repeat protein change in a circadian manner. Inter-
estingly, both proteins are known to be interaction partners in
multiprotein complexes including RNA binding proteins.
' 2004 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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1. Introduction
Circadian rhythms, which regulate a variety of cellular pro-
cesses, can be found in some prokaryotes and most likely all
eukaryotes. They are de¢ned as biological rhythms that persist
under constant conditions of light and temperature with a
period of about 24 h. The molecular basis of the circadian
system has been the object of intensive research for the last 20
years [1^3]. In the so far characterized model systems it has
been shown that nucleic acid binding proteins and their tem-
poral involvement in multiprotein complexes represent a key
feature of the central oscillator mechanism [1^3]. So far, all
characterized clock components have been identi¢ed by clas-
sical and molecular genetic approaches. However, functional
proteome approaches are also suitable to identify such com-
ponents given that the genome and/or numerous EST (ex-
pressed sequence tag) sequences of an organism are available
and that it is suitable for e⁄cient biochemical puri¢cation
procedures.
In this context, the green unicellular alga Chlamydomonas
reinhardtii emerges as an eukaryotic model system since its
entire chloroplast, mitochondrial and nuclear genomes have
been sequenced and there are more than 180 000 ESTs avail-
able. In C. reinhardtii, several circadian rhythms are known
and physiologically well characterized including phototaxis,
chemotaxis, ultraviolet (UV) sensitivity and cell division (sum-
marized in [4]). Notably, this alga is ideally suited for proteo-
mic analysis with prior puri¢cation steps, since it can be easily
and quickly grown up in high amounts [5]. First proteome
studies on C. reinhardtii with high-resolution two-dimensional
gel electrophoresis (2-DE) have already been carried out [6].
In order to characterize and identify novel or conserved
circadian DNA and RNA binding proteins and/or their inter-
action partners, the analysis of the heparin binding proteome
of C. reinhardtii by 2-DE and the identi¢cation of circadian
expressed proteins by mass spectrometry (MS) seemed a
promising approach. Heparin a⁄nity chromatography
achieves an enhancement of potential nucleic acid binding
proteins including complex partners from a soluble crude ex-
tract [7,8]. This is especially important when these proteins are
present in low abundance in a cell extract.
Here we have used a 2-DE procedure for the e⁄cient sep-
aration of basic proteins. We show that the selected functional
proteome approach results in the identi¢cation of two pro-
teins (protein disul¢de isomerase (PDI) and tetratricopeptide
repeat (TPR) protein), whose amounts peak during night
phase. Both proteins have been found in multiprotein com-
plexes in other systems partially in association with RNA
binding proteins [9^12].
2. Materials and methods
2.1. Cell culture
C. reinhardtii wild-type strain SAG 73.72 was grown in high salt
acetate (HSA) medium under a 12-h light/12-h dark cycle with a light
intensity of 71 WE per m2 per s at 24‡C and then put under constant
conditions of dim light (LL: 15 WE per m2 per s) before harvesting
[13]. The beginning of the dim light period is de¢ned as time zero
(LL0). The numbers (LL25, LL29, LL37, LL41) indicate how many
hours the cells have been kept under LL conditions. Cells were har-
vested at di¡erent circadian times corresponding to early subjective
day (LL25), the middle of the subjective day (LL29), the beginning of
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the subjective night (LL37) and the middle of the subjective night
(LL41).
2.2. Preparation of crude extracts
Crude protein extracts were prepared as described [13] in a bu¡er of
10 mM phosphate pH 7.0/14 mM dithiothreitol (DTT) and 4% (v/v)
Complete1 protease inhibitor cocktail (Roche Molecular Biochemi-
cals).
2.3. Heparin a⁄nity chromatography
3 mg of soluble protein (S 90000) was applied to a FPLC (fast-
performance liquid chromatography) heparin a⁄nity chromatography
column (HiTrap1, Amersham Biosciences) at a £ow rate of 1 ml/min.
After sample application, the column was washed with ¢ve volumes of
starting bu¡er (10 mM phosphate bu¡er pH 7/2 mM DTT) and ¢ve
volumes of washing bu¡er (150 mM NaCl/10 mM phosphate bu¡er
pH 7/2 mM DTT). Proteins with a high a⁄nity to heparin were then
eluted by 10 mM phosphate bu¡er, pH 7/2 mM DTT/1 M NaCl.
2.4. 2-DE procedure for e⁄cient separation of basic proteins
The high salt-eluted proteins were dialyzed for 3 h against a 500-
fold volume of 10 mM phosphate pH 7.0/2 mM DTT at 4‡C under
constant stirring in QuickSep0 micro dialyzing capsules (ROTH) fol-
lowed by a trichloroacetic acid (TCA)/acetone precipitation. Thereby,
one volume of dialyzed sample was mixed with four volumes of 10%
TCA dissolved in acetone (320‡C) containing 0.1% DTT and kept at
320‡C overnight. Following centrifugation (35 000Ug, 30 min, 4‡C),
the supernatant was discarded and the pellet resuspended in acetone
containing 0.1% DTT. After a 1-h incubation at 320‡C the sample
was centrifuged again (35 000Ug, 30 min, 4‡C). The supernatant was
discarded and the pellet dried under vacuum. The protein pellet was
solubilized for 2 h at room temperature in standard lysis bu¡er (9 M
urea/2% (w/v) 3-[(3-cholamidopropyl)dimethylammonio]-1-propane-
sulfonate (CHAPS)/1% DTT/0.8% (v/v) ampholyte pH 3^10) [14].
The resuspended sample was then centrifuged for 30 min at
26 800Ug. Rehydration of the IPG (immobilized pH gradient) strip
(pH 3^10, 24 cm separation distance) was carried out with 450 Wl of a
rehydration solution (8 M urea/0.5% (w/v) CHAPS/20 mM DTT/10%
(w/v) glycerol/0.2% (v/v) ampholyte pH 3^10) [14]. The rehydrated
strip was removed from the strip holder, any excessive rehydration
solution was discarded and 150 Wg of the resuspended sample was
applied into the lateral sample application wells of the strip holder
near the anode. Alongside the cathodic end of the IPG strip an extra
paper strip soaked with 15 mM DTT was placed on the surface [15],
before the rehydrated IPG strip was put again into the strip holder
and covered with para⁄n. After sample loading, the IPG strip was
placed again in the strip holder and isoelectric focussing was started
with the following IPGphor program: 200 V (1 h), 500 V (1 h), 1000
V (1 h), linear gradient from 1000 to 8000 V (1 h) and 8000 V (6 h).
The current was limited to 50 WA/IPG strip. After the end of this
program, the strip was removed from the strip holder and equilibrated
for 15 min in solution 1 (6 M urea/50 mM Tris^HCl pH 8.8/2% (w/v)
sodium dodecyl sulfate (SDS)/30% (w/v) glycerol/1% (w/v) DTT) and
15 min in solution 2 (6 M urea/50 mM Tris^HCl pH 8.8/2% (w/v)
SDS/30% (w/v) glycerol/4% (w/v) iodoacetamide) [14]. The strips were
placed on the top of a 10% polyacrylamide gel, which contained
0.02% Na-thiosulfate and was cross-linked with 0.27% piperazine dia-
crylamide [6]. The strips were ¢xed on the gel with 0.5% agarose in
electrode bu¡er (0.1% SDS, 25 mM Tris and 0.192 M glycine) and the
electrophoresis was performed at 4‡C and 2.5 W per gel overnight
(V12 h) using an Ettan Dalt 6 electrophoresis unit (Amersham Bio-
sciences). After electrophoresis, silver staining of the gels was carried
out according to the manufacturer’s instructions (Amersham Bioscien-
ces).
2.5. Comparative quantitative analysis of proteins from 2-DE gels
The analyzed heparin-puri¢ed proteins were derived from two cul-
tivation and puri¢cation procedures for each LL time point. From
each of the two puri¢cation procedures and per LL time point, pro-
teins were checked in two di¡erent 2-DE gels, so that four data sets
per LL time point were available for each protein. The analysis of the
stained 2-DE gels including the quantitative analysis of the spot vol-
ume of all proteins were carried out with the ImageMaster-2D v4.01
software from Amersham Biosciences.
At ¢rst, all protein spots in each gel were normalized by the follow-
ing procedures: The volume of each spot was divided by the total
Fig. 1. 2-DE of heparin-bound proteins. A: Heparin-bound proteins were enriched from C. reinhardtii crude extracts, which were prepared
from cells harvested at LL41 and applied to 2-DE (see Section 2). Proteins were visualized by silver staining. The big box in the ¢gure repre-
sents the area where two protein spots (138 and 163) were identi¢ed, which change their expression pattern in a circadian manner with an am-
plitude v 4 in four independent data sets. The protein spots 62, 90 and 121 have a volume of s 200 000, which was taken into account for
normalization method B. B: Circadian changes of protein spots 138 and 163: Cells were harvested at LL25, LL29, LL37 and LL41 and further
treated as described under A. C: Average strength of expression on the basis of normalized spot volume (method A) for gel spots from four
data sets using ImageMaster-2D software. Quanti¢cation was carried out as described under Section 2. The values based on method A are also
listed in Table 1 (for spot 163) and Table 2 (for spot 138). There, they were compared to values obtained with normalization method B.
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volume of all non-saturated spots in the gel (normalization method A)
or by the total volume of all spots having a spot volume less than
200 000 (normalization method B). Saturation was determined by the
saturation map feature of the ImageMaster-2D software. As suggested
by the ImageMaster-2D manual, the resulting values were then multi-
plied by a scaling factor representing the total area of all non-satu-
rated spots in the gel (method A) or the total area of all spots with a
volume 6 200 000 (method B).
Protein spots having a normalized volume, which shows an ampli-
tude of variance v 4 during the chosen circadian cycle (LL25, LL29,
LL37, LL41), were further considered. The highest volume of a cir-
cadian expressed protein spot with regard to the di¡erent LL time
points was set to 100%. The average percentage and the standard
error of the mean (S.E.M.) of the normalized spot volumes from
the four data sets per LL time point were determined for each selected
protein.
2.6. Capillary liquid chromatography-electrospray ionization
(LC-ESI)-MS analysis
Spots were cut out of silver-stained 2-DE gels, in-gel digested with
trypsin and puri¢ed by high-pressure liquid chromatography (HPLC)
[16]. The HPLC system consisted of a Dionex Ultimate HPLC pump
with Nano£ow Setup, a PepMap C18 reversed phase capillary HPLC
column and a Dionex Famos autosampler with 1 Wl injection possi-
bility, directly connected to the MS. All instruments were controlled
via Xcalibur System software (ThermoFinnigan, San Jose, CA, USA)
and were operated as described [17].
LC-MS analysis was performed using an ion trap mass spectrom-
eter (LCQ Deca XP, ThermoFinnigan, San Jose, CA, USA) with ESI
[17]. For the collision-induced dissociation the collision energy in the
ion trap was set to 35% of 5 V. The mass spectrograms were analyzed
by using the Sequest program (ThermoFinnigan) and the C. reinhard-
tii EST and genomic databases [17]. Only high scores of peptides
(Xcorrs 2 if the charge z of the peptide is 2) were considered. The
cross-correlation factor ‘Xcorr’ describes the cross-correlation between
the experimentally measured MS/MS spectrum and an in situ gener-
ated MS/MS spectrum of candidate peptides in the databases [17].
3. Results and discussion
3.1. Identi¢cation of heparin-enriched circadian expressed
proteins by 2-DE
Regulatory proteins, which are part of the circadian feed-
back loop, often include nucleic acid binding proteins and
Fig. 1 (Continued).
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their interaction partners [1^3]. Such protein complexes can
be e⁄ciently enriched by heparin a⁄nity chromatography
[7,8].
We used a 2-DE procedure (see Section 2) for high resolu-
tion of heparin-puri¢ed proteins from C. reinhardtii in the pH
range from 3 to 10 (Fig. 1A). The 2-DE procedure was ap-
plied to heparin a⁄nity-puri¢ed proteins from cells harvested
at four di¡erent LL time points, corresponding to the day
(LL25, LL29) and night phase (LL37, LL41) (Fig. 1A, B).
Thereby, about 230 protein spots per gel were detectable
(Fig. 1A). All protein spot volumes of each gel were normal-
ized according to methods A and B as described in Section
2.5. In method A, the volume of each spot was divided by the
total volume of all non-saturated spots. The determination of
saturated spots with the ImageMaster-2D software saturation
map feature gave the result that no saturated spots were
present in the 16 analyzed 2-DE gels. Since some protein
spots, which had a spot volume of s 200 000, appeared close
to saturation levels (spots 62, 90, 121 marked in Fig. 1A), we
also used a variation of method A, entitled method B, to
check if such spot volumes would have an in£uence on the
results. In this case, the volume of each spot was divided by
the total volume of all spots, which had a volume of less than
200 000. Since these types of normalization method tend to
produce extremely small values, the results were multiplied by
a scaling factor. ImageMaster 2-DE suggests two options for
the scaling factor to use. One option is to multiply by a con-
stant factor. The other option, which we have used, is to
multiply by the total area of all the evaluated spots in the
gel. Gels with more spots would have a higher total spot
volume, usually resulting in a lower normalized volume; this
method compensates for the di¡erences in spot density.
Normalized volumes of protein spots, which have shown
circadian changes with an amplitude of variance v 4 at the
di¡erent LL time points within the four independent data sets,
were further examined. With both normalization methods,
two proteins (spots 138 and 163) were found, which met these
criteria (Fig. 1B, C; Tables 1 and 2). The corresponding pro-
tein of spot 138 has an isoelectric point (IEP) of 9.15 and an
average molecular weight of 36.2 kDa. Its amount is peaking
in the subjective night (LL41). The lowest expression is
present at LL29 in the middle of the subjective day. The other
circadian expressed protein (spot 163) has an apparent IEP of
8.13 and an average molecular weight of 29.5 kDa. Its expres-
sion increases from the subjective day to the subjective night
with a maximum of expression at LL41. Both proteins show a
rhythm in their amount under conditions of constant dim
light and temperature demonstrating that their expression is
controlled by the circadian clock.
The corresponding proteins from spots 138 and 163 were
cut out of the gels and tryptic digested. The resulting peptides
were separated by reversed phase HPLC and analyzed by LC-
ESI-MS.
3.2. Identi¢cation of a circadian expressed PDI by MS
For the protein from spot 163, the MS analysis identi¢ed
two peptides with high score (Xcorrs 2 if charge z=2; Table
3). They could be found in eight overlapping ESTs and an
EST assembly from C. reinhardtii. The consistent sequence
from these ESTs ¢ts completely into a de¢nite part of the
genome sequence belonging to sca¡old 2212 and shows a
high similarity to a putative PDI from Arabidopsis thaliana
(Fig. 2). The conserved sequence WCGHCK is a consensus
sequence for PDI-like proteins and the most characteristic
part of a thioredoxin fold domain. It represents a redox active
site with two vicinal thiols [18]. PDI is known as an oxidore-
ductase, which assists e.g. in the folding of newly synthesized
proteins in the endoplasmic reticulum [19]. It typically cata-
lyzes the formation, reduction, and isomerization of disul¢de
bonds during protein folding. Interestingly, a PDI, which is
expressed in the chloroplast in C. reinhardtii, has been already
described and was named RB60. It is a major component of
the psbA mRNA binding protein complex, encoding the D1
protein of photosystem II and is implicated in the redox-re-
sponsive regulation of translation in C. reinhardtii chloro-
plasts in a light/dark-dependent manner [9^11].
Sequence comparison of PDI sequences from di¡erent or-
ganisms shows the highest similarity of the C. reinhardtii se-
quence with the putative PDI from A. thaliana and a known
PDI from Nicotiana tabacum (Fig. 2). Thereby, two mamma-
lian PDIs and the C. reinhardtii RB60 seem more closely
related to each other than to the other plant PDIs.
3.3. Identi¢cation of a circadian expressed TPR protein by MS
For the protein from spot 138, the MS analysis identi¢ed
several peptides with high score (Xcorrs 2 if charge z=2;
Table 4). They could be found in two overlapping ESTs and
an EST assembly. In the genome database, the MS analysis
identi¢ed four additional peptides, which all are present in
sca¡old 18. The sequences of the ESTs ¢t completely into
sca¡old 18 (from bp 1772 to 2689). The four peptides, which
are not present in the ESTs, are encoded downstream of the
genomic DNA in sca¡old 18 from bp 3936 to 4688.
The mentioned sequences show 61% similarity to the ami-
Table 1
Circadian changes of spot 163, based on normalization method A or B
Normalization method (see Section 2.5) LL25 LL29 LL37 LL41
Method A 4(T 2)% 14(T 7)% 37( T 17)% 92(T 5)%
Method B 8(T 3)% 15(T 7)% 38( T 17)% 92(T 5)%
The values indicate the percentages of normalized spot volumes as well as the S.E.M.
Table 2
Circadian changes of spot 138, based on normalization method A or B
Normalization method (see Section 2.5) LL25 LL29 LL37 LL41
Method A 13( T 7)% 8(T 2)% 48(T 11)% 74(T 17)%
Method B 19( T 6)% 8(T 2)% 50(T 12)% 74(T 17)%
The values indicate the percentages of normalized spot volumes as well as the S.E.M.
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no-terminal TPR domain (amino acid residues 1^72) of pro-
tein F20D22.4 from A. thaliana (Fig. 3), which is considered
as a TPR-containing protein. Examples for well-known TPR-
containing proteins are the peroxisomal targeting import re-
ceptor (Pex5p) in yeast [20] or the splicing factor Clf1p
(crooked neck-like factor 1 protein) [12]. In plants like soy-
bean there are protein^protein interaction modules, called
HOP (heat shock protein (HSP)70/HSP90 organizing protein),
which contain TPRs that mediate the assembly of HSP70/
HSP90 multi-chaperone complexes [21]. Sequence comparison
of the translated C. reinhardtii EST and the TPR protein from
A. thaliana with HOPs from three di¡erent organisms show a
high degree of similarity in the N-terminal TPR domain (Fig.
3), which represents the binding site of HOP to HSP70, at
least in humans [22].
TPR proteins have been proposed to interact preferably
with WD-40 repeat (tandem repeats of about 40 residues,
each containing a central Trp[W]-Asp[D] motif) proteins
[23]. Interestingly, the molecular mechanisms of the circadian
clocks in Drosophila melanogaster and Neurospora crassa
show a direct involvement of WD-40 proteins in the regula-
tion of the circadian oscillator loop [24,25]. Notably, there are
also TPR proteins described in C. reinhardtii that are sug-
gested to regulate translation/initiation of chloroplast mes-
sages and which are part of multiprotein complexes including
RNA [26,27].
Table 3
LC-ESI-MS and bioinformatic analysis of protein spot 163 against the EST and the genomic databases from C. reinhardtii
*Not found in sca¡old by MS since separated by an intron.
Fig. 2. Alignment of the new identi¢ed C. reinhardtii PDI from EST assembly 20021010.8415.1 with di¡erent PDI sequences spanning the loca-
tion of the second thioredoxin-like domain. The underlined sequences represent the peptides that were identi¢ed by LC-ESI-MS, the residues in
bold are highly conserved among all PDIs. The sequence WCGHCK is a thioredoxin-like active site. pPDI: putative PDI; PDIpr: PDI precur-
sor; cpPDI: chloroplast PDI (also named RB60).
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